Myosin filaments of muscle are regulated either by phosphorylation of their regulatory light chains or Ca 2+ binding to the essential light chains, contributing to on-off switching or modulation of contraction. Phosphorylation-regulated filaments in the relaxed state are characterized by an asymmetric interaction between the two myosin heads, inhibiting their actin binding or ATPase activity. Here, we have tested whether a similar interaction switches off activity in myosin filaments regulated by Ca 2+ binding. Cryo-electron microscopy and single-particle image reconstruction of Ca 2+ -regulated (scallop) filaments reveals a helical array of myosin headpair motifs above the filament surface. Docking of atomic models of scallop myosin head domains into the motifs reveals that the heads interact in a similar way to those in phosphorylation-regulated filaments. The results imply that the two major evolutionary branches of myosin regulation-involving phosphorylation or Ca 2+ binding-share a common structural mechanism for switching off thick-filament activity in relaxed muscle. We suggest that the Ca 2+ -binding mechanism evolved from the more ancient phosphorylation-based system to enable rapid response of myosin-regulated muscles to activation. Although the motifs are similar in both systems, the scallop structure is more tilted and higher above the filament backbone, leading to different intermolecular interactions. The reconstruction reveals how the myosin tail emerges from the motif, connecting the heads to the filament backbone, and shows that the backbone is built from supramolecular assemblies of myosin tails. The reconstruction provides a native structural context for understanding past biochemical and biophysical studies of this model Ca 2+ -regulated myosin.
Myosin filaments of muscle are regulated either by phosphorylation of their regulatory light chains or Ca 2+ binding to the essential light chains, contributing to on-off switching or modulation of contraction. Phosphorylation-regulated filaments in the relaxed state are characterized by an asymmetric interaction between the two myosin heads, inhibiting their actin binding or ATPase activity. Here, we have tested whether a similar interaction switches off activity in myosin filaments regulated by Ca 2+ binding. Cryo-electron microscopy and single-particle image reconstruction of Ca 2+ -regulated (scallop) filaments reveals a helical array of myosin headpair motifs above the filament surface. Docking of atomic models of scallop myosin head domains into the motifs reveals that the heads interact in a similar way to those in phosphorylation-regulated filaments. The results imply that the two major evolutionary branches of myosin regulation-involving phosphorylation or Ca 2+ binding-share a common structural mechanism for switching off thick-filament activity in relaxed muscle. We suggest that the Ca 2+ -binding mechanism evolved from the more ancient phosphorylation-based system to enable rapid response of myosin-regulated muscles to activation. Although the motifs are similar in both systems, the scallop structure is more tilted and higher above the filament backbone, leading to different intermolecular interactions. The reconstruction reveals how the myosin tail emerges from the motif, connecting the heads to the filament backbone, and shows that the backbone is built from supramolecular assemblies of myosin tails. The reconstruction provides a native structural context for understanding past biochemical and biophysical studies of this model Ca 2+ -regulated myosin.
scallop muscle | molluscan muscle | thick-filament structure | 3D reconstruction | muscle regulation C ontractile activity in muscle is switched on and off by protein subunits on the thick (myosin-containing) and thin (actincontaining) filaments (1) . Regulation via myosin is based on either Ca 2+ -dependent phosphorylation of the myosin regulatory light chains (RLCs) (this mode of regulation occurs in vertebrate smooth muscle and some invertebrate striated muscles) or Ca 2+ binding to the essential light chains (ELCs) (occurring in some invertebrate striated muscles) (2) (3) (4) (5) (6) . In some muscles (vertebrate striated and some invertebrate striated), phosphorylation modulates activity but is not required for muscle activation (2, 7, 8) . Electron-microscopic studies of vertebrate smooth muscle myosin molecules have revealed that, in the relaxed (dephosphorylated) state, the two myosin heads in a molecule interact with each other asymmetrically so that the actin-binding region of one (the "blocked" head) is blocked by interaction with the converter domain and ELC of the other (the "free" head). It is thought that this switches off actin-binding and ATPase activity of the blocked and free heads, respectively (9, 10), contributing to muscle relaxation. Phosphorylation of the RLC releases the two heads so that they can hydrolyze ATP and interact with actin.
In striated muscle, myosin molecules do not function as monomers, but are assembled into bipolar polymers (filaments), in which the tails form the filament backbone and the heads lie on the surface in helical arrays (11, 12) . It was initially unknown whether the interacting-head conformation of isolated molecules also characterized native myosin filaments. This question was answered by cryo-electron microscopy (cryo-EM) and 3D reconstruction of filaments isolated from relaxed tarantula striated muscle, where a similar head arrangement was seen (13) . This suggests that phosphorylation-regulated filaments in vivo are switched off by a similar mechanism to that proposed for isolated molecules. The filaments also showed interactions between the subfragment 2 (S2) portion of the myosin tail and the blocked head, and between heads at different axial levels of the filament (13) .
The striking similarity between the head organization in isolated myosin molecules from vertebrate smooth muscle (9, 10) and in native myosin filaments from invertebrate striated muscle-two widely divergent systems-suggests that this organization is highly conserved in phosphorylation-regulated/modulated systems (13) , and probably evolved before the divergence of vertebrates from invertebrates more than 600 million years ago (14) . The observation of similar head-head interactions in other myosin filaments and molecules regulated or modulated by phosphorylation supports this view (15) (16) (17) . Our goal here has been to answer the evolutionary question: does this interacting-head motif also characterize filaments of the other major branch of the myosin regulatory tree, in which Ca 2+ binding to the myosin head switches on contraction (5, 6) . Although support for this possibility has come from the observation of single myosin molecules (18) , previous studies of filaments have suggested a very different structure, in which the heads are splayed apart from each other (19) (20) (21) . Using cryo-EM and 3D reconstruction of scallop myosin filaments, we demonstrate that the interacting-head motif does indeed characterize relaxed Ca 2+ -regulated filaments, directly demonstrating the evolutionary importance of this structure. A pseudoatomic filament model produced by atomic fitting to the reconstruction provides a 3D structural context for understanding previous biochemical and biophysical studies of Ca Results EM of Frozen-Hydrated Scallop Myosin Filaments. Thick filaments were purified under relaxing conditions from chemically skinned striated adductor muscle of the sea scallop Placopecten magellanicus (regulated by Ca 2+ binding to the myosin heads). When observed by cryo-EM, most filaments showed relatively weak features, the most prominent being cross-striations at ∼14-nm intervals ( Fig. 1 A and B, and Fig. S1 A and B ). An averaged power spectrum of the 16 filament halves used in the reconstruction showed layer lines extending to the 30th order (4.8 nm) of a 144-nm filament repeat (19) (20) (21) (Fig. 1C and Fig. S2B ). The reflections were similar in radial and axial position to those in X-ray patterns of living scallop muscle [ Fig. S2 A and B, and Table S1 (19, 22) ], suggesting that the native structure was well preserved in the cryo images. The strongest reflections were an off-meridional layer line at a spacing of 48 nm, corresponding to the axial distance between the main long-pitch myosin helices (20) , and meridional reflections at 14.4 and 7.2 nm-the first and second orders of the 14.4-nm axial spacing of myosin heads (Fig. 1C and Fig. S2B ).
Three-Dimensional Reconstruction of the Scallop Myosin Filament.
Three-dimensional reconstruction was carried out using a singleparticle approach on the 16 best filament halves (from a total of 279). Selection was based on filament straightness, appearance after helical filtration, and individual reconstruction quality. Inclusion of more filaments (of lower quality) caused the reconstruction to deteriorate, presumably due to poorer head order in the additional filaments. The resolution of the reconstruction (based on a Fourier shell correlation of 0.5) was ∼5.0 nm.
The reconstruction revealed the organization of myosin heads into sevenfold symmetric "crowns" spaced 14.4 nm apart (20) (Fig.  2 and Movie S1). A clockwise 15.6°rotation between successive crowns, proceeding away from the viewer, generates seven steeply angled, coaxial, right-handed helices, creating a structure with an overall repeat of 144 nm (19) (20) (21) . A density projection of the reconstruction showed features similar to those in the original micrographs (Fig. S1 B-D) . The power spectrum of the reconstruction was also similar to that of the filaments (Fig. S2 B and C) . The outside diameter of the reconstruction was ∼42 nm (21) , similar to the diameter directly measured in cryo-EM images (23) . All of these observations support the validity of the reconstruction.
Arrangement of Myosin Heads. The most striking feature of the reconstruction was a repeating motif resembling the tilted "J" structure seen in phosphorylation-regulated filaments (Figs. 2 and 3A) (13, 16) . In these filaments, the motif is created by the asymmetric, intramolecular interaction between the two heads of each myosin molecule. Our results suggest that a similar structure is present in Ca 2+ -regulated filaments. However, unlike the arthropod filaments, the heads form a shell of density ∼4 nm above the filament backbone, rather than closely contacting it [ Fig. 4 A and B (21)], and the J-motifs are more steeply tilted and azimuthally closer together than in the arthropods (Figs. 2 and 3A) .
Atomic Fitting. We gained insight into the molecular organization of the myosin heads by docking atomic structures of scallop myosin head and S2 tail domains into the reconstruction (Figs. 2 and 3, and Movies S1, S2, S3, and S4). The structures used were the motor domain (MD) of the prepower stroke state head [Protein Data Bank (PDB) ID code 1QVI (24)], the regulatory domain (RD) in the low-Ca 2+ state [PDB ID code 3JTD (25)], and S2 [PDB ID code 3BAS (26)]. The fitting revealed multiple contacts between the myosin heads within a pair, between pairs within a crown, and between heads from different crowns. The head and S2 domains also came into close proximity. Although some of these contacts closely resembled those in smooth muscle, tarantula, and Limulus, others were different and may represent specializations of the Ca 2+ -regulatory mechanism. Intramolecular contacts. The regions of contact between the free and blocked scallop motor domains are essentially the same as those in the tarantula atomic model (13, 27) . Thus, the actin-binding interface of the blocked head is close to the converter domain and (19, 20) . The main helical tracks give rise to a layer line at the third order of 144 nm (∼48 nm) and to a meridional reflection at ∼14.4 nm (10th order), corresponding to the axial spacing between crowns of myosin heads. The weak 29-nm transverse periodicity reported in negatively stained filaments (20) was only occasionally apparent in our images, in agreement with previous cryo-EM of scallop filaments (21), and with the weakness of reflections at the third and fifth orders (∼5.8 and 9.6 nm) of this spacing in the power spectrum (cf. ref. 19) . showing paired myosin head motifs (tilted "J") in sevenfold symmetric crowns, 14.4 nm apart; three of the seven, steeply angled, right-handed helices are arrowed, and one is marked with a dashed line (Movie S1). Bare zone direction toward top; reconstruction low-pass filtered to 5-nm resolution (the calculated resolution of the reconstruction). (B) Fitting of space-fill atomic structures of scallop myosin head domains and S2 to one motif. The majority of the mass lies across the top of the "J" (the combined MDs) and is oriented almost along the right-handed helices (repeat ∼48 nm), consistent with the prominence of the 48-nm layer line in the filament power spectrum (Fig. 1C) and in X-ray patterns of scallop muscle (19) . The stem and curl of the J represent the two light chain domains. Green, cyan: blocked and free MDs, respectively; orange, pink: blocked and free ELCs; yellow and beige: blocked and free RLCs; red, S2. See also Movies S2, S3, and S4.
ELC of the free head (9, 13, 27) (Fig. 2B) . In addition, as in tarantula, the N-terminal segment of S2 is close to the actin-binding cleft of the blocked MD ( Fig. S3 and Movie S3), and the RLC Nlobes are also close to each other (13, 27) (Figs. 2B and 3B) . A possible difference from tarantula is the close proximity of the scallop RLC C-lobes to each other and their apparent contact with S2 ( Fig. 3 B and C, and Movie S3), neither of which appears to occur in tarantula. These contacts suggest possible paths for intramolecular communication that are absent in phosphorylation-regulated structures. However, the RLC domains of the tarantula model (13) were based on a skeletal model (9) , and it has since been reported that a scallop model produces a better connection to S2 in this region for smooth muscle (28) . Therefore, it is possible that the use of a scallop model may also introduce changes in the tarantula fit. Intermolecular contacts. In addition to these intramolecular contacts, the head motifs also appear to make intermolecular contacts around the circumference of a crown as well as between crowns along the long-pitch helices (Fig. 3A) . The proximity of head-pairs within a crown creates a continuous ring of contacts that appears to involve the SH3 domain of each blocked MD and the upper 50K region of the adjacent free MD. Such contacts do not occur in tarantula, where the motifs are widely separated within a crown. Along the long-pitch helices, contacts appear to occur between the actin-binding loop of the free MD and the blocked RD of the next head closer to the bare zone-specifically the Ca 2+ -binding site in the N-lobe of the ELC and the C-lobe of the RLC, near its junction with the ELC (Fig. 3C) . The SH3 domain of the free MD is also close to the N-lobe of the blocked RLC (Fig. 3C ). In the tarantula structure, close contact occurred between S2 from one motif and the converter and SH3 domains of the blocked head in the next motif closer to the bare zone (13) . In the scallop, the heads are above the backbone surface (Fig. 4) , and these intermolecular contacts do not occur.
Filament Backbone. The reconstruction also reveals substructure in the filament backbone. In transverse view, the backbone has a polygonal appearance (Fig. 4A) created by an outer layer of seven repeating structures, in which the highest density (at the surface) tapers to a lower density toward the filament center. The central core of the filament shows relatively low protein density. In longitudinal view at high contour cutoff level, these structures appear to run as right-handed helices with the same pitch as the seven helices of myosin heads (Fig. 4B) , thus pairing each with one strand of head motifs (21) . When lower densities are included, the appearance becomes more complex (21) and is difficult to interpret. This appearance of "subfilaments" is consistent with previous observations (21, 29) and supports the general concept of the assembly of myosin molecules into higher order structures within thick-filament backbones. The subfilaments in the scallop are larger than the 4-nm-diameter subfilaments (containing three molecules in cross-section) seen in the arthropods (13, 30) . It is possible that those in the scallop are built from such smaller (4-nm-diameter) subfilaments (Fig. 4B) , but detailed interpretation remains speculative (29) .
Discussion
Evolutionary Implications of the Reconstruction. Our 3D reconstruction shows that, in native thick filaments of the scallop, a species regulated by direct binding of Ca 2+ to the ELC on the myosin heads, the inactive (switched-off) state is characterized by intramolecular contact between the motor domains of the two heads. It seems likely that a similar structure is also present in other species (31) regulated by Ca 2+ binding. The contact appears to involve a similar interface to that used in switching off phosphorylationregulated myosin filaments (13, 16) and molecules (9, 10, 17) . The key conclusion from these observations, therefore, is that both major branches of the myosin regulatory tree-one regulated by RLC phosphorylation and the other by Ca 2+ binding to the ELCappear to depend on a similar structural mechanism for switching off myosin activity, despite their different triggers. This is supported by in vitro observations of isolated scallop myosin molecules in the off state, which show a folded-back (32), interactinghead (18) structure similar to that seen in the reconstruction, and from mutational studies suggesting an asymmetric structure for scallop myosin (33) . A similar structure may also occur in unregulated (vertebrate striated) myosin filaments (15). Our findings therefore provide further critical evidence that this off-state structure is highly conserved and most likely evolved more than 600 million years ago, before vertebrates and invertebrates diverged (13) . This would suggest a common structural mechanism for switching off myosin II across most of the animal kingdom.
Relation to Previous Reconstructions. There have been three previous 3D reconstructions of scallop thick filaments. In two, based on negative stain data (20, 34) , the heads were close to the filament backbone, but not individually resolved. In a preliminary cryo-EM reconstruction (21) , the heads were shown to be above the backbone (as found here), suggesting that the appearance in negative stain was an artifact. It was concluded that the heads had different conformations from each other and were splayed apart axially (21) , although the reconstruction did not unambiguously define the two heads. Our reconstruction resolves the heads, and atomic fitting demonstrates that they lie close together, rather than splayed apart. Fig. S4 shows how the different reconstructions can be reconciled.
Myosin Head Interactions and the Mechanism of Regulation. Because atomic structures of scallop S1 and S2 are available, we were able to build an atomic model of the scallop filament containing exclusively scallop conformations and sequences (Figs. 2B and 3) . The hybridization and homology modeling that was required in atomic fitting of previous reconstructions was therefore avoided (13, 16, 27) . In addition, the head domains were in the appropriate biochemical state [MD in ADP.Vi state (1QVI), RD in low-Ca 2+ state (3JTD)] for the relaxed filament structure to which they were fitted. The resultant atomic model is supported by fluorescence resonance energy transfer measurements indicating that the average distance between residues 50 on the two RLCs of scallop myosin is at least 5.0 nm (35) , consistent with our measured distance (also 5 nm). Cross-linking studies indicate that these RLC locations can sometimes approach as close as 0.2 nm (36), implying large excursions of the heads from their average position, consistent with the disorder seen in our cryo-images (21) and with the weakness of myosin reflections beyond 5-nm resolution in X-ray diffraction patterns of scallop muscle (19, 22) .
Most of the intramolecular and intermolecular interactions involved in regulation are likely to be ionic, as regulation of scallop filaments is profoundly affected by ionic strength (37) . The intramolecular interactions observed in both phosphorylation-and Ca
2+
-regulated filaments suggest a mechanism for switching off activity in which contact between the two heads and between the blocked head and S2 contribute to myosin inhibition by physically restricting myosin head mobility (9, 13) . Formation of these interactions may depend on specialized features of these myosins. Crystallographic studies show that the region of S2 near its junction with the heads is unstable in regulated myosins, consistent with the suggestion that uncoiling of approximately two heptads may be required to enable the heads to adopt their asymmetric, interacting positions in the off state (26, (38) (39) (40) . X-ray studies of the scallop RD suggest that formation of these interactions may also depend on increased flexibility of the regulatory domain heavy chain (HC) that results from reduction in the interaction of the ELC with the RLC upon loss of Ca 2+ (25) . Our fitting suggests close contact between the two RLCs and between the RLCs and S2 (Fig. 3C) , which may stabilize these flexible regions of S2 and the RD in the relaxed filament (Fig. 3C) , forming a possible offstate "regulatory complex." Interaction of the N lobes of the two RLCs could modulate the mechanical characteristics of the head/ rod junctional region and provide a structural pathway for communicating activation/relaxation signals between heads (6). Stiffening of the RD upon Ca 2+ binding (25) may disrupt RLC-RLC and RLC-S2 interactions, in turn reducing the stabilization of the unwound N-terminal region of S2 (26) and leading to the increased freedom of movement of the heads that occurs when scallop myosin is activated (32) . Thus, activation may result not from transmission of a directed conformational change along the myosin heads from the RLC region to the head-head interface, but from increased thermal motion of the heads made possible by an increase in flexibility of the head/rod junction.
Although the intramolecular interactions between heads appear similar in Ca 2+ -and phosphorylation-regulated filaments, intermolecular contacts, within crowns and along helical tracks (Fig.  3A) , are different and may represent specializations of the Ca 2+ -regulatory system. These contacts-not present in single molecules (18)-may further shut down myosin activity and could contribute to the structural mechanism underlying the "super-relaxed" state thought to be present in scallop and other species, in which ATP turnover by myosin filaments is highly inhibited (41) . Proximity of the free head MD in one crown to the ELC Ca 2+ -binding residues of the blocked head in the next crown (Fig. 3C ) may impede Ca 2+ binding to the blocked head. Upon activation, Ca 2+ may bind initially to the free heads, where access is unimpaired. If this weakens their various interactions, these heads may become more mobile, allowing Ca 2+ to bind more readily to the blocked heads, thus leading to cooperative activation of the filament as a whole (6, 42) . A similar sequence of free and blocked head activation has been proposed for tarantula filaments based on the differential accessibility of myosin light chain kinase to phosphorylation sites on the free-and blocked-head RLCs (43) .
The significant degree of head disorder seen in individual scallop filament images and implied by the low resolution of scallop muscle X-ray diffraction patterns suggests that the relaxed interactions between heads are relatively weak. The additive effect of multiple, weak interactions appears to keep the filament switched off (13) , and may also be a requirement for the rapid activation that occurs when Ca 2+ levels rise (44) . When scallop filaments are activated by Ca 2+ , the myosin heads become disordered on the millisecond timescale (23), consistent with breaking of the head-head and other interactions, allowing free head movement and interaction with actin. The rapid reordering of heads that occurs upon relaxation (45) suggests that the structure and interactions that we have described are essential features of the relaxed state.
Relation to Vertebrate Smooth Muscle Thick Filaments. The thick filaments of vertebrate smooth muscle have a nonhelical, "sidepolar" structure in which heads on opposite sides have opposite polarity (46, 47) . Although the heads in relaxed filaments presumably have similar intramolecular interactions to those in molecules (9) , this has not yet been demonstrated, owing to the lability of these filaments, and potential intermolecular interactions remain unknown. The close relationship between vertebrate smooth and scallop striated muscle myosin (6, 18, 25, 28, 48) , together with certain structural similarities between scallop and smooth muscle filaments, suggests that the scallop reconstruction may hold clues to molecular organization in the side-polar structure. The packing of myosin heads within a crown in the scallop is much tighter than in other striated muscle filaments (13, 15, 16) , leading to azimuthal contacts between neighboring blocked and free motor domains that are absent from these other systems (Fig.  3A) . Geometric considerations (47, 49, 50) suggest similarly tight packing in side-polar filaments, which might thus involve similar azimuthal interactions to those in scallop. Tomographic reconstruction of smooth muscle filaments will be required to test this prediction.
Conclusions
The results of this study fill a crucial gap in our understanding of the evolution of muscle regulation. Our reconstruction suggests that the shutting down of myosin filament activity that leads to relaxation is accomplished through a similar structural mechanism in both major branches of the myosin regulatory tree (phosphorylation and Ca 2+ binding). Not only is the interacting head motif similar in both systems at the filament (13, 16) and single-molecule (18) level, but crystallographic studies of the RD suggest that the mechanism of activation may also be similar, although with different triggers (25) . Recent genome-mining studies suggest that phosphorylation of the RLC by myosin light chain kinase is the most ancient mechanism for regulating actomyosin interaction (51) . This mechanism must have sufficed for early, slowly contracting muscles, and persists today in nonmuscle, smooth muscle, and primitive striated muscle contractile systems (51) . However, the slow speed of such an enzymatic reaction would not be adequate for striated muscles dependent on a rapid twitch response. It thus appears likely that the relaxed head-head interaction may have evolved in molluscs [and other species regulated by Ca 2+ binding to myosin (31) ] as a rapidly activatable adaptation of the early, phosphorylation-dependent structure. Other species have solved the rapid response problem by switching regulation to the thin filaments, where troponin rapidly binds and releases Ca 2+ (1) . In these systems, the relatively slow response brought about by enzymatically induced RLC phosphorylation has been retained but is used here to modulate contractility on a longer timescale (2).
Materials and Methods
EM. Scallops (Placopecten magellanicus) were obtained from the Marine Biological Laboratory and stored in a marine aquarium at 12°C. Myosin filaments were purified from the striated portion of the adductor muscle by detergent skinning of small fiber bundles in relaxing medium [100 mM NaCl, 3 mM MgCl 2 , 5 mM MgATP, 1 mM EGTA, 5 mM Pipes, 5 mM NaH 2 PO 4 , 1 mM NaN 3 (pH 7.0)], followed by brief homogenization, centrifugation, and resuspension (23) . Specimens were prepared for cryo-EM by applying 6 μL of filament suspension to a holey carbon grid, blotting to a thin film, and then plunging into liquid ethane (23) . Grids were examined at 120 kV under lowdose conditions in a Philips CM120 cryo-electron microscope (FEI) using a Gatan 626 DH cryoholder at approximately −184°C. Images of filaments suspended in vitreous ice over holes in the carbon film were recorded under low-dose conditions on Kodak S0163 film at a magnification of 35,000× and defocus of ∼1.5 μm. A second image, used to determine filament quality, was then obtained at 4.6-μm defocus.
Image Processing. EM negatives were scanned on an Imacon FlexTight Precision scanner (Hasselblad) to give a pixel size of 0.51 nm in the original image. Each half-filament was oriented with the bare zone at the top to ensure correct relative polarity. Fast Fourier transforms and their averages were computed with ImageJ (W. S. Rasband, ImageJ, National Institutes of Health, Bethesda, MD; http://imagej.nih.gov/ij/; 1997-2011). Three-dimensional reconstruction was carried out on individual filament halves by single-particle methods using the SPIDER software package (52), assuming myosin head crowns with a rotational symmetry of 7, an axial rise of 14.4 nm between crowns, and a repeat of 48.0 nm (19-21) (SI Materials and Methods). Owing to possible perturbations in the myosin helix (20) , only regions at least 150 nm from the bare zone and the filament tip were used. Individual reconstructions were aligned using University of California, San Francisco (UCSF) Chimera (53) , and then averaged in SPIDER. The final average was based on images from 16 filament halves, selected from an original 279 on the basis of straightness, appearance after helical filtration (clear 14.4-nm myosin head cross-striation and 48-nm-spaced oblique lines, indicating helical preservation), and individual reconstruction quality. The reconstruction contained information from 402 filament segments, each 72.5 nm long, with a stagger of 14.4 nm between segments from the same filament. The total number of unique pairs of myosin heads that went into the reconstruction was 3,260. Reconstructions were rendered using Chimera (53).
Computational Fitting. Docking of atomic models into the reconstruction was carried out manually within Chimera (53) . The limited (∼5.0-nm) resolution of the reconstruction precluded unambiguous fitting of individual motor and regulatory domains in a single step [which had been possible when fitting the higher-resolution tarantula and Limulus reconstructions (13, 16) ]. A twostep procedure was therefore used. Preliminary fitting was carried out using hybrid atomic models for the complete interacting-head motif derived from smooth muscle heavy meromyosin (PDB ID code 1I84) (9) or tarantula myosin filaments (PDB ID code 3DTP) (27) . The best fit of the interacting motor domains (obtained with 3DTP) was then used as a template for fitting the MDs of the prepower stroke scallop head [1QVI (24) ]. The Ca 2+ -free scallop RD [3JTD (25) ] was then fitted into the reconstruction density of each head while ensuring that its N-terminal HC correctly matched up to the HC of each MD, and that its C-terminal HC correctly joined the α helices at the N terminal of the scallop S2 tail structure [3BAS (26)]. Minor adjustments were then made to optimize the fit, resulting in a final homogeneous atomic model containing only scallop structures (SI Materials and Methods).
